A method is described that accurately and rapidly quantifies the free and total phosphorous content of a commercially available, purified, phytic acid preparation. This allows its use as a standard for phytic acid determinations in foods. The method involves a wet ashing step followed by phosphorous measurement with a 1-amino-2-naphthol-4-sulfonic acid-molybdate reagent in a microplate reader at 660 nm. The procedure can be performed in 3 h with as little as 50 mg sample.
P hytic acid is a naturally occurring constituent of plant seeds, roots, tubers, and some fruits and vegetables where it acts as a storage form of phosphate. It is of considerable nutritional interest because it has been shown to bind Zn 2+ in the digestive tract. It is, therefore, thought to compromise the zinc status and growth rate of many species (1, 2) . Phytic acid also has a high affinity for other divalent minerals such as Ca 2+ , Mg 2+ , Fe 2+ , and Co 2+ even at relatively low pH values (3, 4) and is thought to sequester these minerals in the digestive tract as well, making them unavailable for absorption.
Because of its biological importance, several different methods have been developed to measure the phytic acid content of foods, including colorimetric and chromatographic procedures as well as nuclear magnetic resonance (NMR) spectroscopy (5) (6) (7) (8) (9) (10) ; also see Harland and Oberleas (11) , as well as Xu et al. (12) , for reviews. However, as pointed out by Morris and Hill (13) , a certified reference material for inositol phosphate is not currently available. Part of the problem is that a phytic acid standard has not been defined, although commercially available phytic acid is often used without further analysis as a calibration standard (6) (7) (8) 10) . It is possible to use commercially available phytic acid as a standard because the more recent chromatographic methods allow the quantification of most or all of the inositol phosphate species present in a sample. This provides the ability to verify the purity of the inositol hexaphosphate content in the standard while performing instrument calibration. However, all methods have lower limits of detection, meaning that small amounts of some inositol phosphates may not be identified. In addition, many methods cannot quantify the free phosphate that may be present in the sample. This paper addresses the lack of a phytic acid standard by providing a method for chemically quantifying the amount of phytic acid in a commercially available preparation. If available, an NMR spectrum of the sample is recommended as this immediately shows the presence of contaminating inositol phosphate species. In the absence of a readily available NMR spectrometer, analysis by any chromatographic method that separates the inositol phosphate forms should suffice. In the proposed procedure, samples are either wet ashed in the presence of an oxidizing agent to convert all the phosphorous in the sample to free phosphate or diluted in water to obtain the free inorganic phosphate. The free and total phosphate is then analyzed by a slight modification of the method originally described by Fiske and Subbarow (14) and later modified (15) . Phytic acid is calculated from the difference between free and total phosphate. 
METHOD

Apparatus
Sample Ashing
Accurately weigh 0.25 g phytic acid into 25 mL volumetric flasks (W 1 ). Add 10 mL water and mix until dissolved. Dilute to volume, mix, and quantitatively transfer 0.5 mL into clean microkjeldahl flasks. Accurately weigh 0.1 g typical diet standard into clean microkjeldahl flasks (W 1 ). Add 0.5 mL water and mix with gentle swirling. Add 0.5 mL water to clean microkjeldahl flasks to serve as blanks. Prepare a set of blanks for each of the phytic acid and typical diet samples. To each flask containing phytic acid, diet standard or water, add 0.5 mL concentrated H 2 SO 4 , 2 mL 30% hydrogen peroxide, and 2 boiling beads. Heat to just above boiling on the microkjeldahl digestion rack and digest until only H 2 SO 4 remains. At this point the samples emit a white smoke. This takes between 15 and 30 min, depending on the temperature. If any color or turbidity is present, add 1 mL 30% hydrogen peroxide and redigest as before. Digestion is complete when the solution is clear and colorless. Cool tubes and quantitatively transfer phytic acid samples and associated blanks to 100 mL volumetric flasks. Transfer total diet standards and diet standard blanks to 25 mL volumetric flasks.
Unashed Phytic Acid Samples
Unashed phytic acid is analyzed to determine the free (nonphytic acid-associated) phosphate. This will later be subtracted from the total phosphorous measurement to obtain the phytic acid-specific phosphorous. Prepare unashed phytic acid samples by accurately weighing 0.1 g phytic acid into 100 mL volumetric flasks (W 1 ). Add 40 mL water and mix well. Dilute to volume and mix.
Analysis of Phosphorous
This is a microplate adaptation of the Fiske and Subbarow method (14) as detailed by AOAC (15) . Create a standard curve of 0, 2.5, 5, 10, 20, and 40 µg/mL phosphorous by making serial dilutions of the 40 µg/mL stock standard phosphate solution. To each microplate well add 20 µL of sample to be analyzed. Add 84 µL water, 8 µL molybdate reagent, and 8 µL sulfonic acid reagent (freshly diluted ½ as indicated). Mix. Add an additional 84 µL water and mix again. Read at 660 nm after 15 min.
Calculation of the Phosphorous Content in Samples
Obtain a curve of the relationship between the P concentration in the standards and the absorbance at 660 nm. The r 2 value should be $0.999. Use the regression parameters to calculate the concentration of phosphorous in each sample (in µg/mL).
The values need to be corrected for potential contamination of P in the water and in the ashing chemicals. The 0 µg/mL standard serves as a blank for the unashed phytic acid samples. This is because the 0 µg/mL standard tests for the presence of phosphate in the deionized water supply. The ashed blanks must be subtracted from the corresponding ashed samples to test for the presence of phosphorous in the ashing chemicals. These subtractions give blank-corrected P values, abbreviated P C . The P content of the original samples is then calculated from the following equations:
Unashed phytic acid P, µg = P c (µg/mL) × 100 mL Ashed phytic acid P, µg = P c (µg/mL) × 100 mL 0.5 mL × 25 mL Typcial diet standard P, µg = P c (µg/mL) × 25 mL
Calculate the weight percentage of phosphorous in the samples:
Calculation of Phytic Acid Content of the Material to be Used as a Standard
Subtract the P (g/g %) in the unashed samples from the P (g/g %) in the ashed samples. This gives the phytic acid-associated phosphorous, PA-P (g/g %). This calculation assumes that no lower-phosphate forms of inositol phosphate are present in the sample. This should be independently verified using NMR spectroscopy (Figure 1) or by chromatography on a system capable of separating inositol tri-, tetra-, penta-, and hexaphosphate [Phillippy and Bland (6) and Lehrfeld (8) are good examples of such systems].
To calculate the phytic acid weight percentage in the material to be used as a standard, multiply the PA-P (g/g %) by 3.5514. The factor 3.5514 is derived from the molecular weights of P (30.973762 g/mol) and phytic acid (660 g/mol) and the mol ratio of P/phytic acid (6 mol/mol):
Phytic acid, g/g % = PA P (g / g %) Mw (phytic acid) P / phytic acid (mol / mo − × l) Mw (P) × PA P (g / g %) g / mol 6 30.97376g / mol − × × 660 = PA-P (g/g %) × 3.5514
Results and Discussion
Phytic acid, dodecasodium salt (Lot No. 106H0975) was used as the source of phytic acid in the present series of experiments. A certificate of analysis, obtained from the Sigma Internet site, listed the contents as: 18.4% water, 23.5% sodium, 16.7% phosphorous, and 0.5% calcium by weight (analyzed November 1996). In theory, it is possible to calculate the phytic acid content of the proposed standard by using the values listed in the certificate of analysis. This can be done by one of 2 methods: by adding the nonphytic acid components (water plus Na + plus Ca
2+
) and subtracting these from 100% or by using the phosphorous analysis indicated on the certificate of analysis to calculate the phytic acid content. These calculations are unsatisfactory for several reasons. Firstly, each method gives a different value for the phytic acid content. For example, with Lot No. 106H0975, one can calculate a phytic acid content of: (1) 57.6% by taking account of the nonphytic acid components listed in the certificate of analysis, or (2) 59.3% by using the total P. This discrepancy exists for other lot numbers as well. The first method is more suspect because it requires 3 measurements rather than a single determination. Secondly, the water content of the bottle may alter with storage. Finally, other compounds or nonphytic acid phosphorous may be present in the bottle and this will affect the calculations. In addition to these considerations, there may be occasions that necessitate an analysis of phytic acid prior to use as a standard even though, as purchased, it is quite stable and free of most contaminating phosphate compounds. For example, the inability to obtain a "certificate of analysis," long-term storage, changes in humidity, etc. are all situations that require analysis of phytic acid. These considerations led us to propose a procedure for defining a phytic acid standard.
It is essential to analyze both the free and total phosphate content of a sample. In the proposed method, free phosphorous was measured after solubilization in water and total phosphorous was measured after wet ashing of the sample. Water is recommended for dilution of phytic acid because strong acid solutions, which aid in solubilizing phytic acid, can hydrolyze the phosphate moieties from the inositol ring. A 10% increase in the free phosphate content of phytic acid was observed when the sample was diluted in 3N HCl as compared with water prior to analysis (results not shown). Wet ashing is the method of choice for determining total phosphorous for a number of reasons. Firstly, dry ashing requires at least 1 week for completion, whereas wet ashing can be completed in 2 h. Secondly, it is often difficult to solubilize dry-ashed compounds. Finally, high temperatures, such as those used in dry ashing procedures can volatilize some phosphorous compounds leading to a lower value. In our laboratory, it was necessary to resolubilize the dry-ashed phytic acid sample by boiling the residue in 3N HCl for 4 h, drying the sample, and reboiling after adding additional 3N HCl. Some salt crystals were still visible in the beaker even after the second extraction but this did not appear to affect the total phosphorous determination because values identical to those measured by wet ashing were obtained (data not shown). The fact that identical values were obtained by wet and dry ashing suggests that phosphorous volatility was not a problem with the dry ashing method in this instance.
In the proposed method, a modification of the Fiske-Subbarow procedure was used to measure the phosphate content of the phytic acid samples. The absorbance was measured at 660 nm for convenience because our microplate reader already had a filter for this wavelength. However, longer wavelengths should improve sensitivity by approximately 20% as shown by an absorbance maximum around 720 nm of the colored solution. The Fiske-Subbarow method was used because more sensitive methods, such as that proposed by Murphy and Riley (16), use high concentrations of acids in the assay solution, which, as indicated above, can hydrolyze phytic acid. This has been observed in our laboratory. When the Murphy and Riley method (16) was used to measure free phosphate in a phytic acid sample, the absorbance values increased linearly for several hours after mixing the reagent with the sample. In contrast, the final absorbances of the ashed phytic acid samples were stable after 15 min, showing that the final color was stable and that the 5N H 2 SO 4 present in the final assay tube hydrolyzed the unashed phytic acid to free phosphate and lower phosphate forms of phytic acid.
The total phosphorous chemical analysis procedure described in this paper cannot distinguish between various forms of inositol phosphates (hexa-, penta, tetra-, …) or between free phosphate and phytic acid. Because of this, it was important to characterize the chemical forms of phosphorous prior to analysis. Chromatography of the proposed IP6 standard using the method of Lehrfeld (8) or that of Rounds and Nielsen (7) gave a single peak corresponding to phytic acid: no dephosphorylated forms of phytic acid were detectable.
NMR analysis of the phytic acid sample (Figure 1 ) also showed that it contained only the hexaphosphate form of several possible inositol phosphate species. The 4 peaks of Figure 1 are predicted by the symmetry of the molecule and the '1 axial/5 equatorial' arrangement of the phosphates [Ersöz et al. (17) ]. Integration of these 4 NMR peaks gave a ratio of 1.0:2.0:2.1:1.0 for the peak areas at -0.82, -1.03, -1.52, and -2.25 ppm, respectively. This ratio is close to the 1:2:2:1 predicted on theoretical grounds from the phytic acid structure [Mazzola et al. (18) ]. In addition to these 4 phytic acid-associated peaks, a small free phosphate NMR peak was also visible at -0.94 ppm (Figure 1 ). Manual integration showed that approximately 1.2% of the total phosphate was free (approximately 0.7 g/100 g Sigma brand phytic acid), but this estimate was unreliable because of the proximity of the large phytic acid peak. In order to correct for the presence of this nonphytic acid phosphate, we determined the phosphorous content of the unashed sample spectrophotometrically (as described above). The analysis gave a value of 0.08 ± 0.01% (by weight; n = 23). In the absence of a separate method for confirming the purity of the phytic acid, it is important to closely monitor the free phosphate of the phytic acid. Increasing free phosphate is indicative of phytic acid decomposition to other inositol phosphates (inositol penta-, tetra-, tri-, di-, or monophosphates). The free phosphorous value alone should not be used as an indication of purity because the phytic acid sample may originally contain inositol penta-or tetraphosphate impurities. Thus, analysis by a chromatographic method that clearly separates and detects lower phosphate derivatives of phytic acid is essential.
Measurement of total phosphorous in the ashed phytic acid sample gave a value of 16.53 ± 0.60% (by weight, n = 23). Thus, the phytic acid sample contained 16.53-0.08 = 16.45 ± 0.60% phytic acid-associated phosphorous by weight and the original sample contained 16.45/0.282 = 58.3 ± 2.1% by weight. This value can be used to prepare solutions of known phytic acid content. For example, to prepare a 100 mL solution of 1 mg/mL one needs to add: 1 mg / mL 100 mL 0.583 171.5 mg × = of phytic acid, dodecasodium salt as purchased. The method also includes a "typical diet" sample, with a known phosphorous content as a check on the performance of the procedure. In the present case, a value of 0.34055 ± 0.004% (n = 4) by weight was obtained for the typical diet sample. This compared favorably with the reported content of 0.3586 ± 0.0245%, indicating that the method accurately measured the sample phosphorous content. The proposed method has several advantages: it uses readily available laboratory equipment, it is simple, and highly reproducible, the final color is stable for at least 24 h, and there are few interfering substances (14) . The sensitivity of the method may be a drawback because the free phosphate measurement is close to the limit of detection of the method. As mentioned above, more sensitive methods cannot be used because of the high acid content in the final assay mixture. In our laboratory, the Murphy and Riley (16) method gave a free phosphate content of 0.27 ± 0.01 (n = 5). The problem cannot be overcome by adding more phytic acid to the spectrophotometric assay because it apparently interferes with color development. This was shown by decreasing measurements of free phosphorous in phytic acid solutions of increasing concentrations. The suggested dilution of 0.1 g phytic acid to 100 mL is close to the maximum phytic acid concentration that is tolerated by the Fiske and Subbarow method (14) . The problem may be due to the high affinity of phytic acid for minerals: phytic acid may compete with the colored complex for molybdenum. The current dilutions give an absorbance of approximately 0.035 units, which falls just above the detection limit of the procedure; the linear calibration curve had an intercept of 0.0259. The reproducibility of the measurement attests to its precision.
Finally, the 0 µg/mL phytic acid blank for the standard curve should have a low absorbance of approximately 0.02-0.03 units. Any absorbance will reflect the presence of phosphate contamination in the glassware or test tubes. This will invalidate the test because the uniformity of the contamination cannot be assumed. Care must be taken to ensure that the glassware and test tubes are free of phosphate.
